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This study investigated the relationship between the hard magnetic properties and microstructure of
bulk FePt magnets, which can potentially be used in dental prostheses. A high level of remanence
was obtained in a Fe–39.5 mol %Pt alloy aged at 873 K, in which minute FePt ordered domains of
about 10 nm in size were uniformly created. The change in the maximum energy product of this
alloy was in good agreement with the level of remanence: they both decreased with increasing aging
time, and the size of the ordered domains gradually grew. The remanence ratio of as-quenched
Fe–40 mol %Pt magnet has been estimated at 0.69, despite the morphological isotropy of the
magnet. Remanence enhancement occurred in an FePt single phase without the presence of the
magnetically soft disordered phase, since the spring back phenomenon was not observed in the
recoil curve measurements, and the entire area was covered with minute FePt ordered domains. The
hard magnetic properties were enhanced at the optimum ordered domain size of about 10 nm. This
study found that the ordered domains behaved as a single magnetic domain particle and improved












































The L10-type ordered phase in Fe–Pt alloys has be
reported to have high magnetic crystalline anisotropy~K57
MJ m23) in the c-axis direction.1 Recently, Fe–Pt thin films
were employed in applications such as perpendicular ma
tization films,2 hard magnetic films producing 500 kJ m-3 of
energy,3 and magnetic recording media at areal densities
the range of terabits/in.2.4 In addition, it is possible to use
these alloys as biomaterials in medicine and dentistry, s
Fe–Pt alloys possess excellent corrosion resistance5 du to
the high platinum content. They may be applied to dentis
as castable magnetic attachments to retain prostheses i
oral cavity.6,7 The composition of the optimum hard ma
netic properties in the bulk system differs from that in t
thin film system.8 As shown in the Fe–Pt phase diagram9
~Fig. 1!, the hardest magnetic performance of all the meta
systems~with the exception of rare-earth-based magnets! can
be obtained10,11in a region near the 40 mol %Pt compositio
The magnetic properties are very sensitive to the alloy co
position, the heat treatment conditions, etc. since Fe–P
loys show excellent magnetic performance in the iron-r
nonstoichiometric compositional range of the Fe–Pt orde
phase region.
Previously, we used transmission electron microsco
~TEM! to investigate the relationship between magne
properties and the degree of ordering created by aging
Fe–39.5 mol %Pt alloy at a elevated temperature.12 The
maximum coercivity~277 kA/m! was obtained in our study
after aging the Fe–39.5 mol %Pt alloy at 873 K for 36 s. T

















the alloy possessing excellent coercivity revealed that
entire area of the alloy was covered with minute orde
domains aligned in thê110& direction, and that the alloy wa
in ordered single phase. When the twin structure of the
tragonal ordered phase (L10-type cell! formed, the coercivity
decreased, suggesting that high coercivity might be the re
of the minute ordered domains playing the role of a sin
magnetic domain particle. On the other hand, the high
maximum energy product was obtained under a different
ing condition from that used to find the highest coerci
force. Because the maximum energy product relates to
total performance of a Fe–Pt magnet, it is important
clarify the origin of the change in the maximum energy pro
uct.
The purpose of this study was to examine in detail
relationship between the microstructure and the magn
properties of the Fe–Pt alloy magnet using a vibrat
sample magnetometer~VSM! and TEM.
II. EXPERIMENTAL PROCEDURE
Sample alloys were melted using a high-frequency f
nace in a sintered alumina crucible under argon atmosph
and the melt was drawn into a silica tube~3 mm ID! to
produce an alloy rod. The sample then became an isotr
magnet without morphological anisotropy. After vacuu
sealing the silica tube, the sample alloy underwent solut
treatment at 1598 K for 2.7 ks, and was quenched in
water. The sample was subsequently subjected to heat t
ment at 873 K. Measurement of the magnetic properties
carried out using a vibrating sample magnetometer~VSM,
Tamakawa TM-VSM2430HGC! under a maximum externa













































3436 J. Appl. Phys., Vol. 93, No. 6, 15 March 2003 Y. Tanaka and K. Hisatsunedemagnetizing field compensation of the magnetization p
cess were carried out using a Ni standard sample that
isomorphic with the measured sample. One fresh sample
used to obtain magnetic data for one heat treatment pe
Each sample was then subjected to TEM observation~JEOL
JEM-2010 HT and Philips CM 12 electron microscope!.
The TEM observation sample, which was sliced from t
VSM sample, was thinned using electropolishing with co
centrated hydrochloric acid13 or a liquid mixture of sulfuric
acid and phosphoric acid.14
III. RESULTS AND DISCUSSION
Figure 2~a! shows the changes of coercivity (Hc) and
the maximum energy product@(BH)max# in the Fe–39.5
mol %Pt alloy after heat treatment at 873 K, which we
reported previously by Tanakaet al.12 It can be seen that th
changes do not correspond to each other. Although the l
est coercive force~277 kA m21) is obtained using a hea
treatment of 36 ks, the maximum energy product decrea
during this amount of time~36 ks!. Changes in the residua
magnetization (I r) and the magnetization after applying a
external magnetic field of 1.6 MA m-1 ~20 kOe! (I 20) are
shown in Fig. 2~b!. The changes in the maximum energ
product and the residual magnetization resemble each o
In fact, the residual magnetization seems to influence
change in the maximum energy product. Figure 2~c! shows
the change in residual magnetization normalized byI 20. Al-
though this I r /I 20 value is not the remanence ratio itse
which is the normalized residual magnetization divided
the saturation magnetization, it is possible to regardI r /I 20 as
an indicator of the remanence of the Fe–Pt magnet. A h
level of remanence is obtained under the conditions use
achieve a high energy product. During preparation,
sample becomes an isotropic magnet without morpholog
anisotropy, and therefore, the crystal grain has a random
entation. The magnetic anisotropy of the FePt magnet i
the uniaxialc-axis direction.1 In the case of a morphologi
FIG. 1. Part of the Fe–Pt alloy phase diagram~see Ref. 9!. Hard magnetic

















cally isotropic magnet made of crystals with strong easy-a
anisotropy, the remanence field is expected to be;1/2 of the
saturated field.15
High remanence was revealed in the present FePt m
net, and a phenomenon similar to remanence enhancem16
seen in nanocomposite magnets16 and exchange spring
magnets17 may be occurring. The vector sum of the magn
tization will increase if there is ferromagnetic exchange
teraction between crystal grains. It is probable that this eff
becomes important in nanosize crystal grains because
areal ratio of the interface to the volume increases. The
fore, the residual magnetization may be improved by
intergranular exchange interaction in the vicinity of the i
terface and the grain boundary. In addition, a nanocompo
magnet can be produced in cases where the soft mag
phase is intermingled with the hard magnetic phase when
crystal grain size is fine~about 10 nm!. In this situation, the
direction of the magnetic moment in the soft phase ea
rotates in order to become parallel.18
A previous study showed by means of dark field TE
observation using superlattice reflection that ordered
mains of about 10 nm are formed in the FePt magnet, giv
FIG. 2. Magnetic properties of the Fe–39.5 mol %Pt alloy aged at 873
~a! coercivity (Hc) and energy product@(BH)max] obtained previously~see
Ref. 12!; ~b! residual magnetization (I r) and magnetization (I 20) using the























































3437J. Appl. Phys., Vol. 93, No. 6, 15 March 2003 Y. Tanaka and K. Hisatsuneit excellent magnetic properties.12 Since thec axis of the
FePt ordered phase can take any of thex, y, andz directions
of the parent disordered fcc phase, three orientational v
ants exist for the ordered domain. However, only one ori
tational variant is visible when the FePt ordered phase
observed by TEM. In the@001# zone axis incident beam con
dition, the superlattice reflections of the three orientatio
variants (001x , 001y, and 110z) appeared in the diffraction
plane at the same time. Each dark field TEM image illum
nated the ordered domains of a particular orientational v
ant. Three negative films of the TEM micrographs were c
tured and digitized~Apple Power Macintosh 8500/12
computer and Apple Color OneScanner 1200/30 with a tra
parent manuscript unit!. A dark field image, in which all
orientational variants were combined, is displayed in one
crograph~Fig. 3!.
In the as-quenched sample, ordered domains almos
nm in size were produced in the entire area during quench
after the solution heat treatment. The size of the orde
domains gradually grew with increasing aging time at 873
As seen in Fig. 2~c!, coarsening of the ordered domain w
in good agreement with the decrease of remanence.
speculated that the remanence may have been improve
the effect of the interface as well by as the nanocompo
magnet, since the decrease in the ratio of the interface to
volume with the gradual growth of the 10-nm ordered d
main led to degradation of the remanence.
In addition, magnetic measurement was carried out
der the maximum external magnetic field of 2.4 MA m21 ~30
kOe!. The hysteresis loops of the as-quenched Fe–
mol %Pt and Fe–38 mol %Pt alloys are shown in Fig. 4~a!.
The Fe–40 mol %Pt and Fe–38 mol %Pt alloys show h
and soft-magnetic behavior, respectively. Values for the
ercive force, the residual magnetization, and the maxim
energy product in the Fe–40 mol %Pt magnet were 211
m21, 1.0 T, and 93 kJ m23, respectively. However, the mag
netization of the Fe–40 mol %Pt magnet was not satura
even in the external magnetic field of 2.4 MA mm21. On the
other hand, the magnetization of the soft magnetic Fe
mol %Pt alloy was saturated by the external magnetic fi
of 2.4 MA m21, and saturation magnetization of 1.45 T w
obtained. If the saturation magnetization of the Fe–
mol %Pt magnet is also assumed to be comparable to
Fe–38 mol %Pt alloy, the remanence ratio can be estim
as 0.69. The remanence enhancement is confirmed, alth
the remanence ratio is lower than the value reported
nanocomposite magnets.16
The spring back phenomenon is well known in the min
loop measurement of nanocomposite magnets. The re
permeability for regular permanent magnets is very lo
since it consists of the hard magnetic phase with low rev
ible permeability. On the other hand, the recoil curve for
nanocomposite magnets yields high permeability becaus
the presence of the soft magnetic phase. Figure 4~b! shows
an example of the as-quenched Fe–40 mol %Pt alloy.
recovery of magnetization is quite low, and the spring ba
phenomenon is not observed. The behavior of the re
curve for the as-quenched Fe–40 mol %Pt alloy is simila










































soft magnetic phase does not exist in the as-quenched Fe
mol %Pt alloy. Our previous study12 concluded that the high
est coercivity was achieved with the single phase condit
f the FePt ordered phase, and the present study of m
loop measurement lends support to that conclusion.
A high-resolution electron micrograph of the a
quenched Fe–40 mol %Pt alloy from the@001# zone axis
direction is shown in Fig. 5. All reflections up to the 220 sp
were selected for imaging. The horizontal and vertical dir
tions are the^110& direction. Thec-axis direction of the
FIG. 3. Images of the Fe–39.5 mol %Pt alloy from 001x , 001y , and 110z
dark field TEM images:~a! as-quenched;~b! aged at 873 K for 3.6 ks;~c!




















































3438 J. Appl. Phys., Vol. 93, No. 6, 15 March 2003 Y. Tanaka and K. HisatsuneFePt ordered phase is seen parallel~arrows! and perpendicu-
lar ~circle! to the foil specimen. Each ordered domain, w
x- and y-orientational variants shown by the arrows, a
z-orientational variant shown by the circle, is about 10 nm
can be seen that the entire area is covered with the ord
domains. The disordered fcc phase is not found between
ordered domains. If the disordered fcc phase existed
would behave as a soft magnetic phase. However, the sp
back phenomenon did not appear in the minor loop meas
ment, and existence of the disordered phase could no
confirmed even with high- resolution TEM. The thickness
the magnetic domain wall in the FePt magnet must be v
small because the crystal magnetic anisotropy of the F
ordered phase is very high~K57 MJ m23).1 Zhang and
Soffa have estimated the thickness to be 4 nm.19 Since the
ordered domain size of about 10 nm is slightly larger th
the magnetic domain wall thickness, it is anticipated t
each ordered domain will behave as a single magnetic
main particle. Such a single magnetic domain particle p
the motion of the magnetic domain wall. As a result, t
present alloy could acquire high coercivity. When the
dered domain size is small enough, the ratio of the interf
between the ordered variants to the volume increases. Th
fore, the remanence seems to be enhanced because the
tribution of the intergranular exchange interaction to t
magnetization increases. However, if the ordered dom
size were as small as the thickness of a magnetic dom
wall, it would not be possible for the domains to work as
single domain particle.
FIG. 4. ~a! Hysteresis loops of the as-quenched Fe–40 mol %Pt and Fe




















In short, the optimum ordered domain size should not
so small that it acts as a single magnetic domain particle,
should it be too large to contribute to the intergranular e
change interaction. The ordered domain size of about 10
seems to be the optimum size, and thus, the as-quen
Fe–40 mol %Pt alloy exhibits high magnetic performan
because of its maximum energy product.
IV. CONCLUSIONS
~1! Remanence enhancement was observed when
magnetic performance was obtained in an FePt magnet
an ordered phase.
~2! The remanence ratio of the Fe–39.5 mol %Pt all
aged at 873 K decreased with a gradual increase in the
dered domain size of about 10 nm.
~3! Remanence enhancement was observed in the si
phase of FePt ordered domains when the soft magnetic p
was not present.
~4! The optimum ordered domain size in the FePt ma
net seemed to be about 10 nm. The size is critical: it mus
sufficiently large to work as a single magnetic domain p
ticle but small enough to improve the remanence throu
intergranular exchange interaction.
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